OATAO is an open access repository that collects the work of Toulouse researchers and makes it freely available over the web where possible. Any correspondance concerning this service should be sent to the repository administrator: staff-oatao@inp-toulouse.fr. Abstract. The objective of this paper is to understand how and why the orifice nature (rigid or flexible) governs the bubble generation. The differences in orifice nature and properties have strong consequences on the bubbles generated. Indeed, the dynamics of the formation and the nature of the detached bubbles are fundamentally different depending on whether the bubbles are generated from the rigid orifice or from the flexible orifice.
INTRODUCTION
A variety of chemical engineering processes are based on the use of gas-liquid reactors. The gas is released in the form of small bubbles, to yield a large surface area and also an efficient mass transfer between gas and liquid phases. Depending on the process, various gas spargers are used as aeration systems: in the chemical industries, the aeration is mainly performed with rigid nozzles (perforated plates or porous disk diffusers) whereas for waste water treatment, a gas sparger based on a flexible membrane has been developed (Loubière & Hébrard, 2003) .
The gas sparger plays a crucial role insofar as it has a direct influence on the hydrodynamics of the liquid and gaseous phases and so on the mass transfer (Deckwer, 1992; Hébrard et al., 1996) . Indeed, the bubble size in the reactor is the outcome of the bubble formation step and of the coalescence and breakage bubble processes in the liquid medium. The present study focuses on the initial step, namely on the bubble generation at the gas sparger orifices. As the field offered by this topic is wide, our research is limited to the bubble formation at a single orifice submerged in water, at rest and under atmospheric conditions; only the dynamic bubbling regime is considered. With regard to its importance and to its complexity, the bubble formation phenomenon has been the subject of many experimental and theoretical studies: two detailed reviews of the literature are given by Tsuge (1986) and Sadhal et al. (1997) .
However, a surprising lack of research concerning the bubble formation from a flexible orifice has been observed (Loubière, 2002) ; moreover, a global approach to the phenomenon (limited to the detached bubble diameter and frequency) is commonly chosen by the authors.
To fill this gap, the aim of this paper is to analyse locally the dynamics of the bubble growth and detachment from a rigid orifice and from a flexible orifice, and so to understand how and why the nature of the orifice governs the bubbles generated.
EXPERIMENTAL SET-UP & METHODS
The experiments are carried out in a temperature controlled (20 °C), glass parallelepiped vessel, 0.40 m in width, 0.40 m in length and 0.50 m in height ( Figure 1.(a) ). The gas flow rate is regulated by a pressure gauge and by a gas flow meter. The pressure drop created by the sparger is determined using an electronic Bioblock 915PM247 type manometer. The average gas flow rate Q G is measured using a soap film meter, through a funnel (1.5 cm diameter) put on the orifice. Air and water are used as gaseous and liquid phases (ρ L =997 kg/m 3 , µ L =8.74.10 -4 Pa.s, σ L =71.8 mN/m). This set-up can be equipped with a membrane or with a rigid orifice as gas sparger.
Rigid orifice (called R.O.) . One stainless steel tube is used as the rigid sparger with 12 mm external diameter and 8 mm internal diameter. The tube is perforated in order to obtain an orifice of 0.7 mm in diameter ( Figure 1.(b) ).
Flexible orifice (called F.O.) . An industrial rubber membrane sparger is used as flexible orifice. The bubbles are generated by a single puncture located at the membrane centre. The membrane (60 mm diameter) is assembled on a circular clamping ring composed of two jaws (Figure 1 .(c)); this fixing system coupled with the use of a dynamometric spanner enables the same initial tension to be applied, thus giving reproducible results.
The dimensionless numbers characteristic of the bubble formation phenomenon, the physical characteristics of both orifices and the operating conditions are shown in Table 1 . In addition,
it is important to bear in mind that the particular nature of these orifices is fundamentally different. Whilst the rigid orifice is not distorted whatever the gas flow rate, the flexible orifice is punctured in a stretched rubber sheet, so its important feature is its elastic nature (Loubière & Hébrard, 2003) . centre of gravity co-ordinates (x,y), eccentricity (χ) , contact angle (θ ± 15°) and surface/bubble contact diameter (d W ± 15%). The bubble formation time is deduced from photographic analysis (T B ± 2.78 ms).
STUDY OF BUBBLE FORMATION FROM A RIGID ORIFICE
Thanks to image treatment, the bubble generation process can be split up into different stages and so described experimentally. Figure 2 shows typical photographs of bubble generation from the rigid orifice. The bubble generation is composed of three stages: bubble growth (Images 1-8), bubble detachment (Image 9) and bubble ascension (Images 10-18).
Analysis of the detached bubbles
Figure 3 presents the curves relating the bubble diameter at detachment and the bubble frequency to the orifice velocity. Whatever the orifice velocity, the bubble diameter at detachment remains constant. The bubbles generated from the rigid orifice have an equivalent diameters equal to 4.5 mm; under our operating conditions, no bubble size distribution is detaches, the pressure in the gas chamber decreases and drops below the hydrostatic pressure, causing the liquid to penetrate into the orifice. Afterwards, the gas chamber needs a certain time to reach the minimum pressure necessary to form a new bubble: this is the time-out measured experimentally. It depends on the gas flow rate Q G : the higher is the gas flow rate Q G , the shorter is the time necessary to reach this pressure (Figure 4) . Further experiments are necessary to confirm this phenomenon.
Dynamics of the bubble growth
As the bubble diameter and the bubble growth time do not depend on the orifice velocity, only one orifice velocity will be considered later on (the other orifice velocities give the same tendency as the chosen one).
Bubble centre of gravity and bubble radius
The bubble centre of gravity co-ordinates (x,y) and the bubble radius (R B ) are plotted versus the growth time in Figure 5 .(a). It can be observed that the centre of gravity abscissa x remains nearly nil, showing that the bubble growth is symmetric about the vertical orifice axis. Moreover, two stages appear during the bubble growth. At the beginning, the centre of gravity ordinate y is slightly less than the bubble radius (t < 0.011 s), the bubble grows spherically: this is the radial expansion stage (about 30-35% of the growth time). In the second stage, the centre of gravity ordinate y becomes considerably larger than the bubble radius: this is the elongation stage (0.011 < t < 0.022 s). The bubble elongates vertically but remains attached to the orifice and a neck is formed (Figure 2 , Images 7-8): when the neck of the bubble breaks off, the bubble detaches.
Bubble adhesion to the orifice surface
The hydrophobic rigid orifice surface (Table 1) 
Gas flow rate supplying the bubble
The gas flow rate q supplying the bubble is calculated by using the bubble volume measured
The variation in q with the growth time is presented in Figure 9 . During the radial expansion stage (t < 0.011 s), the gas flow rate q increases until it reaches about 4000 mm 3 /s, whereas the elongation stage is characterised by a continuous decrease in q (0.011 < t < 0.022 s).
Moreover, it is essential to note that the instantaneous gas flow rates q supplying the bubble are significantly higher than the mean gas flow rate Q G , due to the discontinuity of the bubble formation process at the rigid orifice as detailed previously. The high gas flow rate q does not depend on Q G and only occurs at the orifice when the minimal pressure to form a new bubble is reached in the gas chamber.
Forces acting on the bubble during its growth. Bubble detachment. by taking into account equilibrium between the buoyancy force and the surface tension force at detachment if the bubble/surface contact angle is equal to 90° (perfect wettability):
As shown in Figure 10 , the bubble continues to grow even though the Tate volume has been reached. According to Georgescu (1999) , the Tate volume accurately predicts the detached bubble volume only for Eö > 0.1 and We << 1. Under our conditions, even though Eö = 0.1 (Table 1) , the Weber numbers are around 1000 if they are calculated using the true gas flow rate q instead of Q G . Thus, liquid inertia would account for the Tate Volume underestimating the bubble volume. In order to confirm this hypothesis, the vertical components of the several forces acting on the bubble were determined using the experimental data. The following expressions are taken from previous literature (Tsuge, 1986; Loubière, 2002) ; they are certainly not perfect for a non-spherical growing bubble in contact with a wall, but no more precise information is available in the literature, so they were taken by default. The used forces are expressed as:
-The buoyancy force F B :
-The force related to the gas momentum through the orifice
-The surface tension force F S (Klausner et al., 1993) :
C D is calculated using the Schiller & Nauman correlation (1935).
-The added mass force F I (Milne-Thomson, 1955) :
The variations in these forces with the growth time are plotted in Figure 11 .(a). The viscous drag force and the gas momentum force remain negligible throughout the bubble growth (about 10 -7 -10 -6 N); in contrast, the buoyancy force, the surface tension force and the added mass force (about 10 -4 N) are the determining forces. The variation in the surface tension force with the growth time is characterised by the presence of a maximum, corresponding to the moment of the maximal bubble spreading over the orifice surface ( Figure 7 ).
The added mass force behaves in a special way. At the beginning of the bubble growth, the bubble vertical expansion is retarded because of the high liquid inertia; then, the added mass force decreases and falls to a minimum value (around 0.015 s): thus, the bubble remains attached to the orifice thanks to the surface tension force. Afterwards, the added mass force increases again and finally decreases near the detachment. At detachment, the buoyancy force is maximal and the added mass force minimal. Such behaviour then raises the question of why the bubble does not detach at 0.015 s as the added mass force is minimal and as the Tate volume is reached. In order to answer this question, it is essential to relate this curve to the previous ones. Indeed, at 0.01 s, the gas flow rate q supplying the bubble decreases ( Figure 9) ; thus, the bubble is slowed down in its ascension; the bubble vertical velocity dy/dt decreases continuously until levelling off at 0.015 s: at this moment, the liquid inertia is overcome.
Then, the buoyancy force enables the bubble to elongate (neck formation, Figure 2 ): dy/dt increases slightly, which gives the liquid inertia to rise again. Coupled with the surface tension force, the inertial force intensifies the bubble retardation. Consequently, instead of detaching, the bubble grows again: the detachment is delayed to 0.022 s.
Before closing this paragraph, another point has to be mentioned. In the view of the literature (Georgescu, 1999) , the profiles of bubble diameter and frequency obtained (Figure 3 ) are characteristic of the static bubbling regime, but the high liquid inertia (Figure 11 . (a)) invalidates this idea. In fact, our operating conditions correspond closely to the dynamic bubbling regime and not to the static regime. This remark proves that it would be rash to define a bubbling regime by only taking into account the bubble diameter and frequency curves as a function of the orifice velocity.
Bubble ascension after detachment
As shown in Figure 2 , after its detachment, the bubble is really distorted (spherical cap) by the effects of the liquid inertia and surface tension. The bubble trajectory during its ascension is not a straight line, but seems to be either in zigzag or helicoidal (Clift et al., 1978) . Figure   12 .(a) shows the variation in the vertical bubble velocity with time after bubble detachment.
As the bubble goes up, the vertical bubble velocity shows an overall increase and does not stabilise at its terminal velocity within the study height (3 cm); Grace & Wairegi (1986) Figure 13 shows typical photographs of bubble generation from the flexible orifice. As with the rigid orifice, the bubble generation is composed of three stages: bubble growth (Images 1-9), bubble detachment (Image 10) and bubble ascension (Images 11-18). Figure 3 presents the curves relating the bubble diameter at detachment and the bubble frequency to the orifice velocity. Unlike the case of the rigid orifice, the bubble diameter increases logarithmically with the orifice velocity. Such a behaviour is specific to membrane spargers (Hebrard et al., 1996; Loubière & Hebrard, 2003) ; this profile correlates to the orifice opening as increasing gas flow rate is applied. For a given orifice velocity, the bubbles generated from the flexible orifice (d B < 2.5 mm) are noticeably smaller than the bubbles generated from the rigid orifice (d B ≅ 4.5 mm). No size distribution is observed whatever the orifice velocity. The bubbles formed are virtually spherical (χ = 1.2), unlike those generated from the rigid orifice. With regard to the bubble frequency, a specific behaviour is observed (Figure 3 ). For U OR < 2.5 m/s, the bubble frequency increases linearly with the orifice velocity; for U OR > 2.5 m/s, f B levels off and remains almost constant, around 77 s -1 . For a given orifice velocity, the bubble frequencies obtained with the flexible orifice are significantly higher than those obtained for the rigid orifice. As shown in Figure 13 , no timeout exists between two bubbles formed successively at the flexible orifice: at the moment when a bubble detaches, a new bubble grows, pushing off the previous one. This means that the bubble formation time is also equal to the bubble growth time (T B = T B_growth ). For a given gas flow rate Q G , the pressure in the gas chamber remains constant (no fluctuation was detected experimentally) and is high enough to prevent the liquid from penetrating into the orifice: the bubble formation is thus continuous and dependent on the gas flow rate Q G .
STUDY OF BUBBLE FORMATION FROM A FLEXIBLE ORIFICE

Analysis of the detached bubbles
Dynamics of the bubble growth
Bubble centre of gravity and bubble radius Nevertheless, in the case of bubbles generated from the flexible orifice, the radial expansion stage is longer and depends on the orifice velocity: some experiments (Loubière, 2002) have shown that for low U OR , it can represent about 70% of the growth time.
Bubble adhesion to the orifice surface
The flexible orifice surface is hydrophobic (Table 1) . As with the rigid orifice, the surface/bubble contact diameter d W and the bubble contact angle θ were measured experimentally. To analyse the bubble spread over the flexible orifice surface, a diagram describing this phenomenon is presented in Figure 6 . As with the rigid orifice, the bubble spreading phenomenon is composed of two stages. The expansion stage ( Figure 6 . (a) nevertheless, some differences do appear: the two characteristic stages (increasing spreading and decreasing spreading) are less pronounced than in the case of the rigid orifice, and an increasing orifice velocity tends to intensify the bubble spreading. The variation of the bubble contact angle with the growth time is presented in Figure 8 . Unlike the case of the rigid orifice, the bubble contact angle decreases throughout the bubble growth. The orifice velocity has no influence within the limits of experimental error (± 15°).
Gas flow rate supplying the bubble
The curves relating q (Eq. (2)) to the growth time are plotted in Figure 9 . Whatever the orifice velocity, the gas flow rate q supplying the bubble remains almost constant during the bubble growth, and is equal to Q G . This result is the consequence of the bubble formation continuity at the flexible orifice: the pressure in the gas chamber is high enough to enable q to remain constant during the bubble growth. A higher gas flow rate Q G gives a higher pressure in the gas chamber and a higher q: thus, the bubbles generated depend on Q G (Figure 3 ).
Forces acting on the bubble during its growth. Bubble detachment. Figure 14 presents the variation in the ratio of the experimental value of bubble volume at detachment to the theoretical Tate volume (Eq.3) with the Froude number. The Froude number is used to plot several gas flow rates Q G , taking into account the variation in d OR with Q G . Contrary to the rigid orifice, the flexible orifice generates bubbles detaching before the Tate volume is reached, whatever the operating conditions. According to Georgescu (1999) , the "premature" bubble detachment is linked to low Eötvos numbers, which are around 0.01 with the flexible orifice (Table 1 ). Due to the small orifice diameter, the instability sequence responsible for the neck formation is longer and more pronounced, the neck pinching thus occurs earlier. As with the rigid orifice, the vertical components of the several forces acting on the bubbles generated from the flexible orifice were calculated. Figure 11 .(b) illustrates typical curves obtained for bubbles generated from the flexible orifice. Viscous drag, gas momentum and added mass forces are negligible throughout the bubble growth (10 -8 -10 -7 N).
In contrast, the buoyancy and the surface tension forces are determinant (10 -4 -10 -5 N). As with the rigid orifice, the surface tension force curve has a parabolic shape (Figure 11.(a) ). Unlike the case of the rigid orifice, the added mass force is negligible, mainly due to the low gas flow rate q supplying the bubble (Figure 9 ). The bubble detachment occurs when the buoyancy force is maximal and the surface tension force minimal, but before reaching the Tate volume.
Bubble ascension after detachment
As shown in Figure 13 , after detachment, the bubble remains for several milliseconds (around 0.011 s) "stuck" near the next growing bubble, and is also slightly distorted by the effects of the next bubble growth and elongation. After 0.0417 s, the bubble really begins its ascension, keeping its spherical shape; its trajectory seems to be almost a straight line. Figure 12 . (b) shows the variation in the vertical bubble velocity with time after bubble detachment.
Whatever the orifice velocity, the vertical bubble velocity increases continuously until levelling off; afterwards, the vertical bubble velocity remains constant at around 0.3 m/s, corresponding to its terminal velocity: this value is confirmed by Grace & Wairegi (1986) .
CONCLUSION
This research has shown that the differences in orifice nature and properties have a strong impact on the associated bubble formation phenomena:
-For a given gas flow rate Q G , the bubbles formed at the rigid orifice have significantly larger sizes and lower formation frequencies than the bubbles formed at the flexible orifice.
-For the rigid orifice, the detached bubble diameter and growth time do not depend on the gas flow rate Q G whereas for the flexible orifice, the bubble diameter and frequency increase with Q G .
These local analyses (bubble formation dynamics) demonstrate that:
-For the rigid orifice, the bubbles are controlled not by the gas flow rate Q G , but by the minimum pressure in the gas chamber required to form a new bubble. When this pressure is reached, the instantaneous gas flow rate q supplying the future bubble is generated through the orifice, is always the same, independent of the operating condition.
-For the flexible orifice, the pressure in the gas chamber is sufficiently high to prevent the liquid from penetrating into the orifice (no time-out) and to enable the gas flow rate q supplying the bubble to be constant during the bubble growth.
In a full scale gas-liquid reactor, these different bubble generations would have a strong impact on the gas hold-up, on the interfacial area and on the mass transfer. The impact of surfactant molecules present the liquid medium on the bubbles would also not be the same, depending on whether the bubbles are generated from the rigid orifice or from the flexible orifice . 
N W = Gas flow rate number defined as
Re OR = Orifice Reynolds number defined as
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